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INTRODUCTION
Elucidation of the relative positioning, shape and size of plant parenchyma cells in situ has hitherto been achieved by indirect methods involving microscopic analyses of thin, serial sections followed by stereological analysis (Considine, 1978; 1981; Cruz-Orive, 1997; Møller et al., 1990; Underwood, 1970; Weibel, 1979; 1980) or three-dimensional (3D) reconstruction of physical slices (Bron et al., 1990; Korn, 1974; Korn and Spalding, 1973; Lewis, 1926; Matzke, 1948; Williams, 1968) . While appropriate for tissues composed of isodiametric cells, stereological methods underestimate mean cell sizes (Considine and Knox, 1981) and do not allow accurate determinations of intra-tissue variation (Parsons et al., 1989) . Although 3D reconstruction of serial sections has yielded invaluable insights into the organisation of cells in specific tissues (e.g. Williams, 1970) , the methodology has limitations due to artefacts introduced during the preparation of tissue slices and the subsequent tedious reconstruction.
It is desirable that methods be adopted for investigating cells within tissues in which physical sectioning is not required. The recent development of confocal laser scanning microscopy (CLSM) allows this possibility. Whole mounts of cleared, stained tissue in combination with optical sectioning by CLSM and digital 3D image reconstruction offers an alternative to conventional techniques.
CLSM combines laser light illumination, fluorescence microscopy and computer imaging. Under ideal circumstances it has sharp depth discrimination and produces horizontal optical slices of tissues in the plane of focus (Pawley, 1995) . The resultant images are digitised and stored as a vertical image stack, or z-series. Digital 3D image reconstruction enables the z-series to be visualised as a geometric structure (Carlsson et al., 1985; Yu et al., 1994) .
Applications of CLSM to the study of plant microstructure include 3D reconstruction of guard cells in Commelina leaves (White et al., 1996) , the measurement of cell wall thickness in spring barley and maize (Travis et al., 1997) , and in vivo observation of sieve tubes in fava bean leaves (Knoblauch and van Bel, 1998) .
In this study we describe a further development for the detailed study of plant cell morphology and organisation using as object the parenchyma cells of the inner mesocarp of the grape berry. The combination of traditional clearing procedures with confocal microscopy enabled entire parenchyma cells (wall-enclosed spaces) to be visualised and measured in situ.
The technique was tested on a number of berries of different ages. The images and measurements presented in this paper pertain to a collection of parenchyma cells from a single tissue block within one young grape berry (cv. Chardonnay, 26 days after anthesis, 5 mm diameter).
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RESULTS
Staining and Mounting the Tissue Block
Fluorescence, either autofluorescence or stain induced, is a pre-requisite to imaging cell walls under CLSM. Autofluorescence of berry cell walls was heterogeneous therefore staining was needed to induce even fluorescence. Of the 16 stains tested, the majority gave poor or incomplete fluorescence of cell walls. Safranin O was adopted because it exhibited adequate labelling, suitable wavelengths of excitation and emission, and resistance to photobleaching.
Methyl salicylate proved the most successful clearing medium: tissue distortion appeared to be minimal and the entire berry half was transparent under bright-field illumination. The adopted mounting procedure is shown in Figure 1 .
Visualising Cell Walls
The tissue was imaged to a depth of 150 µm with the CSLM. The 151 optical slices which To check the extent of axial distortion within the confocal z-series, due to RI mismatch, the diameters of fluorescent microspheres were measured. The mean x/z ratio was 1.0445
(SD = 0.0205, n = 10), suggesting an axial compression of 4.45%. A multiplication factor of 1.0445 was applied to the z-series, changing the z-step from a nominal 1.0 µm to 1.0445 µm.
As a consequence, the maximum image depth was expanded to 156.7 µm.
Comparison of Cell Wall Thickness (TEM vs CLSM)
The mean thickness of parenchyma cell walls obtained using transmission electron microscopy 
DISCUSSION
Techniques Used
Judicious, minimal cutting of the organ enabled the berry to maintain the integrity of its tissues, thus reducing the likelihood of cell distortion. This aspect of the project enabled individual cells to be viewed in situ.
The working distance of the objective lens (170 µm) proved to be the main limiting factor to the depth of tissue penetration in this experimental system. Although optical penetration was consistently high throughout the entire tissue, a high numerical aperture lens (NA = 1.4) was required to resolve cell walls running horizontal to the optical plane. This trade-off between working distance and numerical aperture in optical systems is unavoidable (Pawley, 1995) . Larger volumes of tissue can be studied by aligning and combining adjacent z-series (Oldmixon and Carlsson, 1993) : this increases the x and y dimensions of the scanned region, but z remains unchanged.
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The use of fluorescent microspheres to derive a single empirical correction factor for axial distortion obviated the need for complex theoretical estimates involving geometric ray tracing models which often yield conflicting results (Visser and Oud, 1994; White et al., 1996) . This correction was only an approximation to what is theoretically a nonmonotonic function (Török et al., 1997) .
Cell wall thickness in confocal slices was greater than the estimates obtained using TEM. Confocal slices were deliberately over-saturated to ensure that all cell walls were visualised to a thickness of at least one pixel (0.752 µm). Attenuation of the fluorescent signal with depth caused cell walls to appear discontinuous on unsaturated slices. This was especially problematic for horizontal cell walls that emitted less fluorescence than their vertical counterparts. To avoid an under-estimation in the calculation of cell volume, each optical slice was corrected using a rank 3x3 filter which eroded the over-saturated cell walls by one pixel, thereby approaching the estimate of thickness obtained using TEM.
The 3D reconstruction software, ImageVolumes, was chosen on the grounds of the algorithm used, Marching Cubes, and its ability to visualise and measure structures imaged by CLSM. The merits of available 3D packages and algorithms are discussed in White (1995).
Shapes and Sizes of Parenchyma Cells
Contemporary 3D reconstruction techniques in plant biology are infrequent (Knoblauch and van Bel, 1998; Travis et al., 1997; White et al., 1996) The mean size found for grape mesocarp cells at this stage of development compares favourably with published sources (Considine and Knox, 1981; Coombe, 1976; Harris et al., 1968) A study of the shape of individual cells could be developed from these results. Cell shape in space-filling tissues is described by the planes of contact (facets) with neighbouring cells. In homogeneous, space-filling tissues, the mean number of facets per cell is said to approach 14. This is true of some plant cells, soap bubbles and compressed metal grains (Williams, 1968) . The orthic tetrakaidecahedron, a geometrically perfect 14-sided polyhedron with 8 hexagonal and 6 quadrilateral faces, was proposed as the archetypal shape for parenchyma cells (Kelvin, 1887; Korn, 1974; Korn and Spalding, 1973; Matzke, 1948; Thompson, 1942) , but this form is rarely achieved in nature due to the occurrence of varying cell sizes within a developing tissue (Matzke and Duffy, 1956) . Where both small and large cells are present in the same tissue, it is obligatory for the larger cells to have more facets than the smaller cells. The relevance of mean number of facets per cell as a quantitative descriptor of cell size is questionable, given that cell contacts are not always flat, planar surfaces. It is less precise than the absolute measurements of cell volume, surface area and shape obtained in the present study.
The technique described in this paper for measuring and visualising plant parenchyma cells in 3D using whole mounts of cleared, stained tissue in conjunction with CLSM and digital 3D reconstruction is applicable to a wide range of morphometric analyses in plant cell biology.
It could be a valuable complement to molecular genetics for elucidating factors critical to the development of plant form and function.
EXPERIMENTAL PROCEDURES
Tissue Preparation
Grape berries were sampled from Vitis vinifera L. cv. Chardonnay vines, 26 days after anthesis had commenced. The tissue of interest in this study was the parenchymatous inner mesocarp of the grape berry consisting of about 10 layers of large, highly vacuolated cells.
Berries were fixed in FPA 50 and stored in 70% ethanol. Individual berries were bisected longitudinally using a razor blade fragment. The half-berries were used in two ways: first, for testing of stains using thin, embedded sections; secondly, for confocal microscopy without further cutting.
Berry halves were dehydrated through an alcohol series, infiltrated with GMA, embedded in GMA in gelatin capsules and oven-cured according to Feder and O'Brien (1968) . Sections of 2 µm thickness were checked for autofluorescence and treated with one Simpson, 1929) and the use of specialised mixtures (Herr, 1971; 1982) . Methyl salicylate was selected.
The following protocol was adopted: berry halves were dehydrated under vacuum through an ethanol series, cleared in methyl salicylate, stained with 0.5% safranin O in methyl salicylate and mounted, cut face down, on a glass coverslip in a well constructed of a ring of silicone rubber filled with methyl salicylate (Figure 1 ). The further work consisted of examination of the visualised tissue zone, illustrated in Figure 1 .
Confocal Laser Scanning Microscopy (CLSM)
Confocal images of the cell walls were collected using a BioRad MRC-1000 uv confocal system attached to a Nikon Diaphot-300 inverted microscope. The objective lens was a Nikon 60x oil immersion plan apochromat with a numerical aperture of 1.4 and a working distance of 170 µm. A krypton/argon laser was used to excite the specimen at 488/10 nm and emission was collected at 522/35 nm with the confocal aperture closed down to 1.5 mm. A sequence of 151 x-y optical slices was collected, each with a 1.0 µm separation on the z-axis.
Images from a 289 x 193 µm field-of-view (768 x 512 pixels) were captured as computer files. Fluorescent intensity was digitally coded using 256 levels of grey, with 0 representing the lowest intensity (black) and 255 the highest (white). The cell wall intensity was deliberately oversaturated to compensate for reduced fluorescence in deeper parts of the tissue. Two neighbouring z -series were combined post-collection thus doubling the volume of tissue examined and increasing the number of cells included in the analysis. The combined field-ofview was 289 x 385 µm (384 x 512 pixels).
Calibration of Intensity Attenuation with Depth
Signal attenuation is a function of absorption and scattering of both excitation and emission light (Guilak, 1994; Rigaut and Vassy, 1991) . In the present study, the collected fluorescent signal represented cell walls, whereas the unstained cell interior appeared black. Lessening of the fluorescent signal deriving from the cell walls could result in an overestimation of the true size of the cell.
A binary threshold that qualitatively separated cell walls (white pixels) from cells (black pixels) was used to assess signal attenuation. The number of black pixels in each optical slice of the combined image stack was plotted against slice depth using NIH Image analysis software (Version 1.61 U.S. National Institute of Health, 1996) . Attenuation increased linearly with depth so an intensity threshold correction factor was sought to minimise its impact on cell size calculations. An incremental threshold adjustment which yielded a regression line of zero slope was used to recalculate intensity thresholds for each optical slice.
Calibration of Axial Distortion
Some degree of axial distortion in the z-axis was anticipated on the basis of the RI mismatch between the lens immersion medium (oil RI = 1.5124 @ 22.5°C) and the specimen mounting medium (methyl salicylate RI = 1.5358 @ 22.5°C) (Carlsson, 1991; Hell et al., 1993) . This was calibrated with nominal 10 µm yellow-green fluorescent microspheres composed of a polystyrene envelope containing a fluorescent dye. Confocal, non-saturated, vertical sections of 10 microspheres mounted in methyl salicylate were collected using the same filter set as the berry images. The x and z diameters of the spheres were determined as the distance between the edges of the spheres located at 50% of the greyscale intensity threshold between the centre of the microsphere and the adjacent background. A correction factor of 4.5% was calculated using the ratio of x to z diameter of microspheres.
Transmission Electron Microscopy (TEM) of Cell Walls
Cell wall thickness was verified using TEM. Berry tissue was post-fixed in 2% osmium tetroxide, dehydrated through an acetone series, infiltrated with an araldite embedding resin, embedded in fresh resin and polymerised under vacuum at 70°C (Mollenhauer, 1964) .
Sections of 70 nm thickness were cut on an ultramicrotome, stained with 5% uranyl acetate in 70% ethanol and Reynolds' lead citrate, and mounted on an aluminium grid. The sections were visualised under TEM and cell wall thickness was estimated from a stratified random sample.
Differences in cell wall thickness between TEM and CLSM were corrected by applying a rank 3x3 filter to erode cell walls by one pixel in each optical slice.
Three-Dimensional (3D) Reconstruction
To visualise the confocal data, ImageVolumes (Version 3.0 Minnesota Datametrics Corporation, 1994) software run on a Silicon Graphics Indigo 2 computer under the Irix 5.3 operating system was used. Cell walls and cells were reconstructed from the z-series using two-dimensional binary overlays of the cell walls and wall-enclosed spaces. These overlays were integrated in the axial dimension by the Marching Cubes algorithm (Lorensen and Cline, 1987 ), a surface-based technique used to render 3D images from voxel data by forming isointensity contours of the object surface. Image rendering, smoothing and lighting techniques allowed individual cells to be viewed as geometric solids. Cells were reconstructed only if they were fully enclosed within a continuous cell wall (i.e. only entire cells were considered, partial cells were ignored).
Cell surface area and volume were measured with a distance field analysis software package (Dfield Version 2.0 Minnesota Datametrics Corporation, 1994) which calculated 3D scalar quantities whose values described the Euclidean distance from any given point in space
at Cartesian coordinates (x,y,z) to the closest surface of the 3D model.
